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ABSTRACT

In this study, several turbulence nodels are anal yzed
in a 3D finite element nodel of a mnmicro-heat exchanger.
The m cro-heat exchanger consists of a narrow planar flow
passage between parallel walls with small cylindrical pin
fins spanning these walls with axes perpendicular to the
direction of flow Tur bul ence nodel performance 1is
conpared with baseline experinmental data available in the
literature that cover a range of |ow turbulent Reynolds
nunbers and spacing configurations. The netric for these
compari sons is an array aver aged Nussel t Nunber .
Adj ustnments made to the coefficients in the turbul ence
nodels are explained in terms  of their physi cal
significance to the conplex flow environnent of a pin fin,
cross flow, mcro-heat exchanger. Applications of this
research include cooling of turbine blades and of closely

spaced el ectronics.
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. 1 NTRODUCTI ON

H gh tenperatures on power turbine blades have been a
limting factor in advancing the design of gas turbine
engi nes. Conventional cooling schenes in advanced gas
turbine engines wll be unable to renove the heat
transferred from the mass stream fast enough to prevent
damage to the bl ades. A new cooling schene has been
proposed which may be adaptable to the turbine blade
cooling problem It consists of a narrow flow passage
between two endwalls is separated by rows of short pin fins
with axes perpendicular to the coolant flow. It is
envisioned that this flow passage wuld be tightly
"wrapped” around a turbine blade formng a protective
cooling shroud. Bl eed-off air for cooling would be
supplied through the blade root and distributed at the
| eading edge of the passage flow wth an exit to the
turbine flow at the trailing edge of the blade. This paper
addresses the turbulence mdels used in the 3-D nunerical
nodeling of two arrangenents of this cooling schenme over
several low, but fully turbulent Reynolds nunbers. The
turbul ence nodels have been fine tuned to agree wth
avail abl e experinmental data in the literature, and optinal

model s and coefficients have been identified.
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1. BACKGROUND AND OBJECTI VES

A HEAT EXCHANGER GONSTRUCTI ON

The m cro-heat exchanger nodeled in this study is nmade
up of a narrow fl ow passage supported by 10 staggered rows
of pin fins perpendicular to the flow Figure 1 is a
definition sketch of a typical configuration, simlar to
the type constructed by Metzger, et al. (1982) which forns

the basis of corroboration for the current nunerical study.

FLOW

=

_©O :

Si2
X
FLOW 1=
H
I
D
Figure 1. Definition sketch of a staggered pin-

fin array
The pins are arranged with a constant axial pitch (X
di stance between pin centers in the flow direction) to form
the reference length scale. The axial pitch was chosen to
be 12.7mm to be consistent with earlier studies. Two
different diameter pins were used in this setup, 8.46nmm and
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5. 08mm The X/D and S/D ratios define the relative
streamm se and spanwise pin spacing respectively for a
general nodel. As a result of these settings the
transverse pitch (S) was not a constant from nodel to
nodel , al though axial pitch was.

As in the work of Metzger et al (1982), the endwalls
(the broad wupper and Ilower plates) were nodeled as
i sot hermal surfaces. The pins were nodeled as isotherm
at the tenperature of the bounding endwalls as a first
appr oxi mati on. It can be shown with a standard pin fin
relation (lncropera and Dewitt, 1996) that the isothernn
assunption for the pins is a valid assunption. The side
walls were nodeled as insulated, again to duplicate
Metzger's work and an insulated inlet and outlet section

wer e added (not shown in Figure 1).

B. PREVI QUS WORK

The staggered pin-fin array geonetry, in one form or
other, serves as the basis for a l|large nunmber of conpact
heat exchanger configurations, and has recei ved
considerable attention in the past. The experinental work
of VanFossen (1982), Metzger et al (1982), Chyu (1990),
Chyu and Goldstein (1991), and Jubran et al. (1993) and
ot hers have explored various issues such as the differences
between short and long pins, the contribution of pin heat
transfer versus endwall heat transfer, the presence of an

opti mal streamm se and spanwi se spacing/pitch, etc.

Only recently, wth the advent of nore powerful
conmput ati onal machines and software tools, have nunerica

studies of conpact heat exchangers been attenpted as
4



reviewed by Shah et al. (2001). For the staggered pin fin
array configuration in particular, Donahoo et al. (2001)
have used a general purpose viscous flow solver to sinulate
the fluid flow and heat transfer behavior in a 2-D
numeri cal study. However the 2D nature cannot be used to

treat the endwall s where the pins neet the surface.

The experinental baseline for this study 1is the
Met zger et al. work of 1982. Metzger showed the variation

of streamm se heat transfer, overall array heat transfer,

and overall flow friction in staggered, short pin fin
arrays. Hi s experinmental work has provided the baseline
for this conmputer nodel. His experinmental work showed that

there was a substantial difference between short pin fin
arrays and long cylinder (tube bank) arrays. Long
cylinders had been the previous nodel for the array. The
relations Metzger developed for overall heat transfer
showed a | ower array averaged Nusselt nunber over the array
based on his experinents. The long cylinder predictions
did not «correctly predict the convection coefficients

observed in the short pin fin array.

C. OBJECTI VE

The primary objective of this study was to select a
turbul ence nodel that accurately reflects the experinenta
results seen in previous work. As part of the selection
process, the turbul ence nodel had to be optimzed since the
default coefficients in a nodel are typically better suited
for flat plate or long cylinder tube-bank type open
geonetries, but not very applicable to confined tortuous

flow geonetries such as the short pin fin array in this

5



st udy. Anot her objective is to |eave the code open for
future work where pin shape and spacing/layout could be
changed. The goal would be to arrive at a recommendation
for the nost opt i mal turbulence nodel/s and their
coefficients that would provide the best corroboration with
avail abl e experinental data. Furthernore it is hoped that
subject to future experinental work, the current findings
can be extended to have validity over a wde range of
Reynol ds nunbers and geonetrical configurations thus
providing greater applicability and confidence in future
nuneri cal simulations.



L1l TURBULENCE MCODELS

A I NI TI AL MODELI NG
1. Boundary Conditions

The nunerical nodel of Metzger's experinent consists
of two different boundaries. Fluid elenents were defined
which had rigid boundaries, elimnating the need for
defining a rigid structure to surround the fluid el enents.
To reduce the nunber of nodes required for nodeling,
symmetry was exploited. A horizontal plane, parallel to
the flow direction, halfway between the upper and | ower
i sothermal boundaries of the passage defines an adiabatic
boundary. No net properties cross this boundary. The
length scale in the flow passage is sufficiently small that
buoyancy effects are negligible. This boundary was defined
as insulated and velocity in the vertical direction was
zero. However the no-slip condition along the plane was
rel eased. A simlar symretry plane was defined
perpendicular to the first symetry plane and parallel to
the flow direction. The boundary was again nodeled as
i nsul ated, crossing velocity was set to zero and the no-
slip condition along the plane was released. These two
pl anes allowed a nodel to only have nodes in one quadrant
as the other quadrants would produce the same result.
Cbserving the downstream direction, the lower-right

guadrant was the quadrant chosen for nodeling.



Symretry
Pl anes

I nl et

Endwal | b Passage Wal |

Figure 2. Model ed Portion of a Pin Fin Heat
Exchanger

| 3 TRk B k&
127 cm Hir2oy Pin-Fin Array (10 rows) Wi2D0 125¢cm
Fi gure 3. Actual nodel used for experinment

The pins were nodeled as isothermal and so was the
supporting endwall. The remaining wall, the sidewall,
parallel to the pin axes was insulated. The no slip
condition was applied to all boundaries except the symetry
pl anes. Straight duct entrance and exit regions were
attached at the inlet and outlet sections of the array test
section to be consistent with the experinmental rig of

8



Met zger et al (1982). They were nodeled slightly |onger
than the Metzger nodel to prevent the outlet conditions

fromaffecting the test section.

The isothermal boundaries were fixed at 306 K Dry

air (Pr = 0.7) was used as working fluid, entering the
inlet section at 300K, r :1.1769k—93, m=1.8468" 10'5k—g,
m m>s
pam2 W J .
K=26294"10°"——-, and C,=1004.0 . Inlet velocity was
m>xK kg xK

specified at the entrance to the test section based on a

maxi mum vel ocity type Reynol ds nunber.

The maxi mum velocity Reynolds nunber is defined as

_rv..D

Re (Metzger et al., 1982), where V Is the

max

i nviscid, geonetry based nmaxi mum velocity the fluid reaches
when passing through the test section. D is the pin

di anet er.
2. Initial Conditions

Each run was initiated with the walls and pins of the
test section at 306K and the incomng air at 300K I nl et
velocity was determned by the specified Reynolds nunber
and fluid properties.

3. Mesh Structure

The mesh was specified to concentrate nodes in the no
slip boundary areas of the nodel, where flow and
tenperature gradients mght be expected to be highest (Fig
4). Around the pins, nodes were concentrated in the high

vel ocity regi ons where conditions change the nost (Fig 5).
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Re=T310, 840=2. 5, 300=1, 3. Tw =306, b p=30 1602, OOLG, 2510, 9KE

Figure 4. St andard Mesh showi ng nodes
concentrated in the areas of the no slip
boundary.

E1EMENTS

[

| I O

I rranu LR

Re=T310, 840=2. 5, %'0=1, 3. Tw =306, b p=30 1002, OODG, 2 510, 9KE

Fi gure 5. Standard Mesh (Top View) with nodes
concentrated around the high velocity regi ons of
t he pins
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Nodes were al so concentrated al ong the endwal | .

For constructing the nunerical nodel of the heat
exchanger and for the nmpjority of the data gathering, the
finite el enent based nodeling and sinul ati on package, ANSYS
was used. The versions available during this research were
ANSYS version 5.7, 6.0, and 6.1. The bulk of the research
was done using ANSYS 6. 0. The ANSYS |icense at the Nava
Post graduate School (NPS) limted nodels to 256,000 nodes.
Several runs were attenpted using the Departnent of Defense
H gh Performance Conputing Major Shared Resource Center
(HPCMSRC). The ANSYS license at the HPCMSRC was node

unlimted.

At the entrance and exit of the test section, as well
as mdway between each row of pins (apparent in figures 4
and 5), a vertical plane of nodes was constructed. Thi s
al lowed bulk tenperature and mass flows to be cal cul ated
i ndependent of the ANSYS program Such a layer of nodes
would also facilitate future work where pin shape and

| ayout are expected to be changed.

B. SKE MODEL

The Standard k- e(SKE) Mdel is the default turbul ence
nodel for ANSYS 6.0. The SKE nodel is a Reynolds Averaged
Navi er- St okes( RANS) type of Eddy Viscosity Mdel (EVM. The
SKE nodel wuses 2 equations to <close the governing
equati ons. The EVM approach introduces a turbulent

viscosity term m, which relates the fluctuating velocities

of a turbulent flow to a viscous stress term

11



uu r‘ﬂx’ in tensor notation, which is used in the
j

Reynolds stress ternms of the tinme averaged, turbulent,
i nconpressi bl e Navi er-Stokes equations, as well as in the
energy equation and the continuity equation. As an

exanpl e, the x conponent of the Reynolds stress termis:

sXR:-1(rvv)-1(rvx'vy')-1(rvx'vz‘), where V,V,.V, are the
fix fy iz
fluctuating conmponents of the velocities. The Reynol ds

stress terns contain the indeterm nate part of the Navier-
St okes rel ations, the mean of the product of the
fluctuating velocity conponents. Repl aci ng that product
with the relation involving the turbulent viscosity allows
t he Navi er- St okes nonmentum equations, continuity and energy
equations to be reshaped. In the SKE nodel two transport
equations are derived from the governing equations, the
Tur bul ent Kinetic Energy equation:

frk TV T(rvik) | (rvk)
it fix iy fz

_fam ko, fam ko, fem Ko,
CxEs, '”Xe; yés, 'ﬂYﬂ Tzés, 1zg

4m88‘ﬂT i T 6

ek Yy Ty

mF
(1.1)

-re+

and the Dissipation Rate equation:

we, (rve) , 1(r%e) , 9(rve)

fit fix fy Tz
_Temfed §amfed, famfed e~ &
‘ﬂxgs X g ‘ﬂygs_‘ﬂy,a 2&s. 1z, CemF -Gy
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C.(1-C,)brkae T qT To
+ —+g —+09.—=- (1.2
St ggx ﬂX gy ﬂy gz ﬂZg ( )

where k is the turbulent kinetic energy, V,\V,V, are

t he instantaneous (non-fluctuating) velocities, s, is the
Schm dt nunber for the transport of turbulent kinetic
ener gy, F i's t he Vi scous di ssi pation term
& el +ﬂuk(_jﬂui(.j

F=mg —, is the turbulent kinetic energy
g e ™ gx g

di ssipation rate, C, and C, are the buoyancy constants, b
is the coefficient of thermal expansion, s, is the turbul ent
Prandtl number, g is the acceleration scalar, T 1is the
static tenperature, s, is the Schmdt nunber for the
transport of turbulent kinetic energy dissipation rate, C,

is the shear rate generation termmultiplier, C, is scaled

diffusivity rate multiplier, C_is the turbulent viscosity

m

constant, and m is the turbulent viscosity broken down in

r k?
-

Table 1 contains the val ues of

the equation to m=C,

t he SKE const ant s:

13



Sk 1.0
C, 1.0
C, 0.0
b 0.0
S, 1.0
S, 1.3
C, 1. 44
C, 1.92
C., 0.09
Tabl e 1. Constants for SKE Model

Solving these equations at each node in the nodel for

a set nunmber of iterations yields values for k and e which
are used to calculate m fromthe previous equation. m is

used to calculate the indeterm nate fluctuating velocities
in the Navier-Stokes equations. The Navi er - St okes

equations are then solved for a new set of nean velocities.

Thi s new set of vel ocities, with fluctuating
conponents, is then used to solve for tenperature in a
first law rel ation:

1T 1T 1T o Kaa12T+‘|12T ﬂZTo

rc—+V— +V —+V —=
g yﬂy zﬂZg eﬂX ﬂy ﬂZ g

(1.3)
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where K is the thermal conductivity of the fluid,
assuned to be isotropic, c is the specific heat, and the

vel ocities VX,Vy,VZ contain the nean and fluctuating
conmponents.

The local heat flux, q, can be estimted at non-

i nsul ated or adiabatic boundaries by the followi ng relation
where y is the direction normal to the transfer surface,

q":-Kﬂ . Fromthis, Newton's Law of Cooling leads to a
Iyl
convection coefficient, h=o—J—  where T, is the surface

(TS-T¥)
temperature and T, is the free stream tenperature. Since

the flow conplex, ANSYS 6.0 uses T, in place of T,. T, is

B

the bul k tenperature of the adjacent fluid el enent.

The ultimate goal of the simulation is to cal culate an
array averaged Nusselt nunber, so an overall array
convection coefficient, h, is calculated based on the total
heat transferred to the fluid.

=— 9 (1.4
AAMTD

where q is the total amount of heat in watts
transferred across the boundaries, A is the wetted area of
the test section, and LMID is the Log-Mean Tenperature
Difference.

LMTD = DT - (1.5)
&l -T O
|n wall in <
gTwaJI - Tout ﬂ

15



where T is the bulk inlet tenperature, DT is

n

calculated from DT:—fgfn T, 1S the constant isothernal
m
p
wal | tenperature for both endwalls and pins, and

T,=T +DT. The array averaged Nu is calculated from

hD
Nu=— (1.6
" (1.6)

where D is the dianeter of a pin and K is the thernal
- : T +T . .
conductivity of air evaluated at _HTEM&' This fornmul ation

of Nusselt nunber is the nost appropriate for conparing the
experinmental results of Metzger with the current ANSYS

si mul ati ons.

One drawback to the SKE nodel, as well as all the 2
equation EVMs, is that it does not accurately predict
turbulent kinetic energy and dissipation rate at elenents
al ong the wall. In this case a wall turbulence nodel is
used. The ANSYS default nodel for wall turbulence is the
Van Driest nmodel. The Van Driest nodel is used at the wall
nodes to determne viscosity. It assunes an eddy viscosity
of zero at the wall and gives an accurate value for wall
conductivity. ANSYS 6.0 uses the continuous Van Driest
formulation with the velocity at a certain distance from

the wall as a reference velocity. This formof the log | aw

of the wall is solved for a wall viscosity from
\Y/ & 0
tanzi |nﬂ\/zz(l 7)
\P KE m\rg
p

16



where t is the shear stress, k is the slope of the

wal | paraneter, E is the Law of the Wall constant, m is
the | am nar absolute viscosity, and d is the distance from
the wall. The wall elenment effective viscosity, m, 1is
derived from

t

tan

C. RENORVMALI ZED GROUP (RNG) MODEL - DI FFERENCES FROM SKE

The RNG nodel uses an advanced statistical technique
called Renormalization Goup Theory applied to the
i nst ant aneous Navi er - St okes equati ons. The two transport

equations derived for the SKE nodel appear in the RNG nodel

with the exception of the C, nultiplier for the kinetic
energy generation term in the dissipation rate equation.
In the RNG nodel the C, termtakes the form

% h ¢
C,=142- gl—h
”

bh?®

QIIO

(1.9)

where h,=4.38, b=0.012, and h is a function of the

stress deformation tensor, S”.. The tensor, S”., is a

function of velocities in the flowfield,
1V, v, 0
o —L+ (1.10).

S

There are differences in the buoyancy ternms of the
equations but for this heat exchanger as noted earlier
buoyancy effects can be ignored. In the RNG nodel several
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constants have different numerical values, the default

nunerical constants are summari zed in Table 2:

S, 0.72

C, 1.0

C, 0.0

b 0.012

S, 1.0

s, 0.72

h, 4.38

C, 1. 68

C, 0. 085
Tabl e 2. RNG Mbdel Coefficients

This gives the RNG nodel an added |evel of conplexity
and capability over the SKE npdel due to the nore
di stributed nature of accounting for the turbulent kinetic
energy generation term in the flow field. In the SKE
nodel, the kinetic energy generation coefficient in the
dissipation rate -equation is the sane throughout the
flowield. In the RNG nodel, the coefficient is dependent
upon the velocity conponents at each point in the flow
field. ANSYS 6.0 uses a slightly nore sinplified version
than that presented in Nunerical Analysis of Conpact Heat
Exchanger Surfaces (R K. Shah et al., 2001).
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Past research, as noted R K Shah et al., describes
RNG as being nore accurate and reliable than other 2
equation EVM nodels. Because it is a new nodel, relatively
few studies have been done with it, but it appears to do
better than SKE with |ow Reynolds nunbers but worse when
vortex sheddi ng becones an issue, such as with bluff bodies
or flow around cylinders as in external flows wth open
geonetri es. Al though the conparisons were based on 2D
nodels only, RNG s success appears to be highly geonetry
dependent .
D. NKE - DI FFERENCES FROM SKE

The New k-e Mdel (NKE), also known as the Realizable
k-e Model, was proposed by T. H Shih et al. in 1994. The
nodel was primarily designed for high Reynolds nunber flows
but has had sone success for |ower Reynolds nunber flows as
wel | . The significant differences for a mcro heat

exchanger type of flow environment are that the NKE nodel

uses a different formulation for the C, constant and a
different form of the kinetic energy dissipation rate
equati on.

The turbulent viscosity m is still calculated the sane
way but the C, term is now a function of deformation

tensors and antisymetric rotation tensors. ANSYS 6.0

replaces C, wth this function

1
2 .20

(1.11)

\V/ 0 0
c kéﬁ&ﬂ

(0.0
m=g4+1.5— 2 _I-Vjii-l-Ceremij? +éﬁ;§]l+vﬂz
e PR, e S

where the C;Whpmj terminvolves the angular velocity of the

coordinate system which for this application is not
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rotating, so that term drops out. The entire term under
the radical is the mean velocity in the law of the wall

nmodel .

The di ssipation rate equati on now becones:

Tre, 1(rVe) +‘|T(rVye) s 1(rv,e)
it fix Ty 2

= e o, 9 @ fed, f@m fed, o 1 \/ffﬂv oy 0FV

_T 1 &m Te -
‘ﬂg T o ﬂygs 5 ‘ﬂzgs zg gﬂv JlegﬂVi

g2 Cm(l-C)brkae'ﬂT T 1To

-Gy &+ Gt G
2K s, % Ty

(1.12)

and the C, multiplier now becones:

c, =maxC,,, -2 (1.13)
& ™'h+5,

le

wher e,

AV 'ﬂV o2 \V/ W
2 (1.14
"% \/é'nv ™ ggﬂv ™, % (119

and C, is a constant.

The nunerical values for the default NKE npbdel are

summari zed in Table 3:

Sy 1.0
C, 1.0
C, 0.0
b 0.0
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S, 1.0
S, 1.2
C, 1. 90
C,, 0. 43
Tabl e 3. NKE Model Coefficients

E. FAI LURES - ZEM G R, SZL

There were three other turbulence nodels that were
evaluated in this study, a zero equation nodel (ZEM, the
non-linear nodel of Grimji (AGR), and the Shih, Zhu,
Lum ey nodel (SZL). In the Zero Equation Model, the
definition of a turbulent viscosity does not introduce
another differential equation, and ANSYS calculates a
characteristic length applied to the entire nodel. For
this nodel ANSYS applied a default characteristic |length of
1 cm Neither this characteristic |ength nor any changes
made i nproved upon the performance of the default SKE nodel

so it was renoved from further consideration.

The G R nodel was nore stable than the ZEM nodel but
it provided results significantly different than the
experinental data. It relies on a conplex fornulation for

the C, 6 term

The SZL nodel is a sinpler nodel than NKE or G R It
estimates a low |level of turbulence for the flowfield and

| ow effective velocity that can qui ckly becone unstable in

a conplex flowfield. The C, termis significantly sinpler.

It was found that the heat transfer did not steady out
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snoothly and it consistently overestimted the paraneters

used to determ ne the convection coefficient, h.

Since each of these 3 nodels was found wanting
conpared to the earlier 3, they were not pursued in nuch
further detail in this study.

F. ADVECTI ON SOLVERS

For this sinulation the ANSYS reconmmendations for
solving complex flow problens were used. Single solvers by
thenmselves did not correctly simulate the flows but
conbi nati ons of solvers did. For the first 30 iterations
the Monotone Streanmline Upwi nd (MSU) advection solver was
used for nonmentum turbul ence, pressure, and tenperature
MSU produces first order accurate solutions and is
generally very robust. In the current study in particular
after the first 30 iterations, density was permtted to
vary and the MSU was still used for nomentum turbul ence,
pressure, and tenperature. For iterations 60 through 90
the nonentum was judged stable enough to switch to the
Collocated Galerkin (COLG nethod, an exact advection
sol ver. For the iterations beyond 90, the COLG sol ver was
used in the solution of nmonmentum turbul ence, pressure, and
tenperature quantities for best consistency and stability

in the final results.
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V. RESULTS AND DI SCUSSI ON

A. NUMERI CAL EXPERI MENTS CONDUCTED

In order for a typical nunerical run to be considered
successful, which could then be conpared to other runs with
different paraneters, a nunber of nunerical performance
criteria had to be net. The first and nost inportant was
grid independence. To achieve this, the nunber of elenents
in the nodel was increased (in steps of at |east 24000
el ements) until a less than two percent change was observed
in the total heat transfer rate between two consecutive
runs. Only one Reynolds nunber resulted in the heat
transferred being outside the 2% |limt, and that too was
| ess than 3%

A second criterion was that no nodal tenperature ever
went above 306.4K in the last iteration in order to be
consistent with the inposed boundary conditions. A third
was that the ANSYS generated output bulk tenp was wthin
0. 1K of the calculated tenperature based on the mass flow
rate. The final criterion that had to be nmet was that the
sum of the differences in nodal tenperatures between two
consecutive iterations divided by the sum of the final
nodal tenperatures be less than 1x10* to ensure
sati sfactory convergence.

Only when all these criteria were net was a run deened
conplete, and hence ready for conparison wth other
conpl eted runs.

B. TURBULENCE MODEL PERFORMANCE

Three nodels (SKE, RNG, NKE) that were able to neet

the above robust benchmark criteria were conpared. As
23



noted earlier, three others (ZEM GR, SZL) were also
considered initially but failed to neet the basic benchmark
criteria and were hence not pursued further.

1. The SKE Model

SKE is the default turbulence nodel inplenmented in
ANSYS. The nodel generated stable solutions and in order
to conpare it with Mtzger's experinmental work an array
averaged Nusselt nunber was conputed for each variation of
each nodel, and conpared with its corresponding Metzger
set up. Baseline results using SKE as the turbul ence nodel
consistently overestimate the Metzger Nusselt nunber wth
the exception of the high Reynolds nunber run in the
tightest (X/D=1.5) configuration considered. Var i ous
coefficients in the SKE turbulent kinetic energy and
di ssipation rate equations (1.1-.2)could be varied. Four
out of a possible nine coefficients were chosen as the ones
effecting the nost critical changes while the others either
dealt with buoyancy terns or were already accounted for by
varying the chosen four. Each paraneter was varied by an
arbitrarily chosen value of 30% up and/or down from its
default value and a run was nade with only that paraneter
changed, i.e. all else was held fixed. After every run
benchmar ks were checked and a conparison with Metzger's

Nussel t nunber was nmade. Table 4 summarizes SKE

performance with respect to changes in C,_.
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Reynolds Variable | Percent [ Simulated |[Experimental| Percent
Number | X/D | S/D | Changed | Changed Nu Nu Difference
3980 1.5 2.5 Default 0 33.84 32.28 4.83
3980 15 2.5 |C1l-epsilon +30 32.19 32.28 -0.28
3980 1.5 2.5 |Cl-epsilon -30 39.83 32.28 23.39
7310 1.5 2.5 Default 0 50.58 49.61 1.96
7310 1.5 2.5 |[Cl-epsilon +30 50.67 49.61 2.14
7310 1.5 2.5 |Cl-epsilon -30 57.66 49.61 16.23
13800 1.5 2.5 Default 0 71.71 77.75 -1.77
13800 1.5 2.5 |[Cl-epsilon +30 74.11 77.75 -4.68
13800 1.5 2.5 |Cl-epsilon -30 78.35 77.75 0.77
3590 2.5 2.5 Default 0 29.92 26.73 11.93
3590 2.5 2.5 |[Cl-epsilon +30 24.58 26.73 -8.04
3590 2.5 2.5 |Cl-epsilon -30 36.13 26.73 35.17
7340 2.5 2.5 Default 0 45.69 44,99 1.56
7340 2.5 2.5 |Cl-epsilon +30 40.02 44.99 -11.05
7340 2.5 2.5 |Cl-epsilon -30 52.65 44.99 17.03
13900 2.5 2.5 Default 0 70.60 71.61 -1.41
13900 2.5 2.5 |C1l-epsilon +30 61.65 71.61 -13.91
13900 2.5 2.5 |C1l-epsilon -30 76.49 71.61 6.81

Tabl e 4. Summary of SKE performance when C_ is
vari ed

The C_ constant precedes the viscous dissipation term

in the dissipation rate equation (1.2). Increasing the
coefficient generally results in a |ower approximtion of
t he Nusselt nunmber than the default case. Specifically the

increase in C._ contributes to an increase in the source

le
termof the dissipation rate transport equation and results
in a decrease in the turbulent kinetic energy. The case of
Reynol ds nunber of 13800 does not follow the same trend as
t he other Reynolds nunbers. Figure 6 shows this decrease
in turbulent kinetic energy as displayed by ANSYS 6.0, the
view is from the adiabatic plane |ooking down towards the
| oner isothermal plane. The top figure is the default case
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and the | ower

(note the scale of the colors).

figure is with the increased C_, multiplier
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in the sinulated flow field due to a C, increase

of 30% at Re=3980
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In exploring the role of the C, coefficient, it nust
be noted that C, also contributes to the source termof the

di ssipation rate transport equation (1.2) in a nonlinear

manner and it was found that a decrease in C, leads to a

2

decrease in turbulent kinetic energy at each node. The
trend seen in Table 5 shows that decreasing C, leads to
| oner Nusselt nunbers than in the default SKE case, again
with the exception of the case of Re = 13800. The effect of

C, on the nodel increases at higher Reynol ds nunbers.

Decreasing the turbulent Schmdt nunber for the

transport of dissipation rate, s affects only the

e k)

diffusive terns of the dissipation rate transport equation

(1.2). A decrease in s_  leads to an increase in the

effective diffusivity of the dissipation rate. Table 5

shows that a change in s_ has very little inpact on the

default SKE Nusselt nunber. The nmpdel at Re=13900 was run
on a different nmesh than the default SKE npdel therefore no

concl usi ons can be drawn fromthe |arge difference.

The turbulent Schmdt nunber for the transport of

kinetic energy, s is the only paraneter that affects the

k!
turbulent kinetic energy transport equation (1.1) through

the diffusive terns. A decrease in s i ncreases the

k
effective diffusivity of the turbulent kinetic energy.

Table 5 shows that the decrease in s, has a very snal

k
effect on the default Nusselt nunber simlar to the small

effect of s_.
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Reynolds Variable | Percent [ Simulated |[Experimental| Percent
Number | X/D | S/D | Changed | Changed Nu Nu Difference
3980 1.5 2.5 Default 0 33.84 32.28 4.83
3980 15 2.5 Cc2 -30 32.90 32.28 1.92
3980 1.5 2.5 Sigma-E -30 33.86 32.28 4.89
3980 1.5 2.5 | SigmaK -30 34.32 32.28 6.32
7310 1.5 2.5 Default 0 50.58 49.61 1.96
7310 15 2.5 C2 -30 49.83 49.61 0.44
7310 15 2.5 | Sigma-E -30 49.82 49.61 0.42
7310 1.5 2.5 | Sigma-K -30 49.95 49.61 0.69
13800 1.5 2.5 Default 0 71.71 77.75 -1.77
13800 15 25 c2 -30 73.59 77.75 -5.35
13800 15 2.5 | Sigma-E -30 71.29 77.75 -8.31
13800 1.5 2.5 Sigma-K -30 71.17 77.75 -8.46
3590 2.5 2.5 Default 0 29.92 26.73 11.93
3590 25 25 c2 -30 23.89 26.73 -10.62
3590 2.5 2.5 | Sigma-E -30 29.06 26.73 8.72
3590 2.5 2.5 | Sigma-K -30 29.39 26.73 9.95
7340 2.5 2.5 Default 0 45.69 44,99 1.56
7340 2.5 2.5 C2 -30 40.00 44.99 -11.09
7340 2.5 2.5 Sigma-E -30 44.88 44.99 -0.24
7340 2.5 2.5 Sigma-K -30 44.88 44,99 -0.24
13900 2.5 2.5 Default 0 70.60 71.61 -1.41
13900 2.5 2.5 C2 -30 56.06 71.61 -21.71
13900 2.5 2.5 | Sigma-E -30 60.89 71.61 -14.97
13900 2.5 2.5 Sigma-K -30 60.44 71.61 -15.60
Tabl e 5. Summary of SKE performance when C,, s_,

and s, are decreased by 30%

For the SKE nodel, general trends observed were that
for the | ower Reynolds nunbers (3980, 7310, 3590, 7340) the
default SKE nodel overestimted the Nusselt nunber for the
array. For higher Reynolds nunbers (13800, 13900) the
trend was reversed and the default SKE nodel consistently
underestimated the experinmental Nusselt nunmber. This trend
seens to be independent of the |ongitudinal spacing (X)
bet ween pi ns.

2. The RNG Model

The next nodel analyzed was the RNG nodel. For each
Reynol ds nunber a run was carried out for the default nodel

settings. The resulting Nu was conpared to the sane
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experimental Nu from the SKE runs. There are 10 nodel
coefficients in the RNG nodel that can be nodified using
ANSYS 6.0. Only two of these paraneters (h, and b) have a

different effect on the two transport equations (1.1-2)
conpared to the SKE nodel. Both of these paraneters are

the nmultipliers in the RNG fornmulation for C equation

1e !

(1.9). The constant h, has the greatest effect of the two

on the C_ fornulation. Hence this was selected as the only

parameter to vary in the RNG trials; the others were
unchanged from the SKE nodel since they had been accounted

for in those trial runs. The value of h, in the RNG node

was also changed by 30% up and down from its default

setting. Table 6 summari zes the resulting changes.

Reynolds Variable Percent Simulated | Experimental | Percent

Number | X/D | S/D Changed Changed Nu Nu Difference
3980 15| 25 Default 0 33.55 32.28 3.93
3980 15| 25 Eta-inf +30 36.80 32.28 14.00
3980 15| 25 Eta-inf -30 33.82 32.28 477
7310 15| 25 Default 0 49.40 49.61 -0.42
7310 15| 25 Eta-inf +30 52.51 49.61 5.85
7310 15| 25 Eta-inf -30 50.88 49.61 2.56
13800 15| 25 Default 0 71.00 77.75 -8.68
13800 | 15| 2.5 Eta-inf +30 73.33 77.75 -5.68
13800 15| 25 Eta-inf -30 75.13 77.75 -3.37
3590 25| 25 Default 0 29.00 26.73 8.49
3590 25| 25 Eta-inf +30 32.63 26.73 22.07
3590 25| 25 Eta-inf -30 25.36 26.73 -5.13
7340 25| 25 Default 0 44.25 44.99 -1.64
7340 25| 25 Eta-inf +30 48.45 44.99 7.69
7340 25| 25 Eta-inf -30 40.19 44.99 -10.67
13900 | 2.5| 2.5 Default 0 68.32 71.61 -4.59
13900 | 25| 2.5 Eta-inf +30 72.58 71.61 1.35
13900 | 25| 2.5 Eta-inf -30 62.83 71.61 -12.26

Tabl e 6. Summary of RNG Performance Wien h, is
Vari ed
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The RNG results for the default npdel wunderestimate
t he experimental Nusselt for all but the |lowest 2 Reynolds
nunbers. This trend is independent of the X/ D ratio. For
the | owest Reynolds nunbers the RNG default nodel
overestimates the Nusselt nunber. The RNG is a nore
sophisticated nodel in that it takes into account the
variation of the turbulent kinetic energy in the flow field

when determining the C_ term However this added paraneter

provides a nore accurate Nusselt nunber than the SKE node
only at Reynolds nunbers less than or equal to 7340. This
agrees with prior work described by Shah et al (2001) for
2-D cases using the RNG nodel in simlar flow scenarios.

Varying the constant h, does not have predictable results.

I ncreasi ng the constant by 30% al ways pushes the sinul ated
Nussel t nunber hi gher. Decreasing the constant has |ess

predi ctable results, but in the extended configuration (X/ D
= 2.5), decreasing h, decreased the Nusselt nunber. This
appears to be geonetry dependent. The results of
decreasing h, can be seen in the change of the distribution
of turbulent kinetic energy in the flow field for the 3980
Reynol ds nunber in Figure 7. Figure 8 shows the difference

in the tenperature field for the sane conditions. Bot h

views are | ooking down through the adiabatic pl ane.
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In other runs it was observed that any change up or

down in the C, constant brought a change in the Nusselt
nunmber in the sane direction. The constant C, was a

consistent predictor but its effectiveness decreased the
greater the change in the constant. It was unable to
change the Nusselt nunmbers by enough to bring them closer
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to the experinental values w thout causing the transport

equations to becone unstabl e.

O her runs also included runs where C, was decreased

by 30% The Nusselt nunber changed in the sane direction

for all Reynolds nunbers for a given spacing configuration.

When X/ D=1.5, decreases in C_ brought increases in the

m

Nusselt nunmber wth respect to the default RNG runs.
However when X/ D=2.5, decreases in C, resulted in decreases

in the Nusselt nunber.
3. The NKE Model

The next nodel run was the New k-e (NKE) Moddel. This
nmodel is proposed in the literature as being suitable for
hi gh Reynol ds nunbers. The nodel bears this out for its
default case. The difference between the sinulated and
experimental Nusselt nunbers decreases as Reynol ds nunber
increases but only for the cases of X/ D=1.5. At Re=13900
the nunerical runs were unsuccessful. The results are

summarized in Table 7. The values of C, were chosen to be

evenly spaced between 0.43 and 1.0. The | ower nunber,

0.43, corresponds wth the default setting, and 1.0

corresponds with the limt of hhTS as h goes to infinity.
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Reynolds Variable Simulated | Experimental | Percent
Number | X/D | S/D Changed Value Nu Nu Diff.
3980 15| 25 Default 0.43 35.94 32.28 11.34
3980 15| 25 CiM 0.6 31.44 32.28 -2.60
3980 15[ 25 CiM 0.8 32.88 32.28 1.86
7310 15| 25 Default 0.43 53.53 49.61 7.90
7310 15| 25 CiM 0.6 46.91 49.61 -5.44
7310 15| 2.5 CiM 0.8 50.71 49.61 2.22
13800 | 15| 2.5 Default 0.43 74.87 77.75 -3.70
13800 | 1.5| 2.5 CiM 0.6 70.23 77.75 -9.67
13800 | 1.5] 2.5 CiM 0.8 75.97 77.75 -2.29
3590 25| 25 Default 0.43 31.66 26.73 18.44
3590 25| 25 CiM 0.6 25.17 26.73 -5.84
3590 251 25 CiM 0.8 25.00 26.73 -6.47
7340 25| 25 Default 0.43 46.45 44.99 3.25
7340 25| 25 CiM 0.6 38.67 44.99 -14.05
7340 25| 25 CiM 0.8 39.07 44.99 -13.16
13900 | 25| 2.5 Default 0.43 - 7161
13900 | 25| 2.5 CiM 0.6 - 71.61
13900 [ 2.5 2.5 CiM 0.8 - 71.61
Table 7. Sunmmary of NKE Performance

Changing the C, constant for the X/ D case of 1.5

results in inproved performance between 0.6 and 0.8,
increasing to 0.8 for the highest Reynolds nunber of the

XD = 1.5 case. In the XD = 2.5 case changing the C,

constant has a m xed effect.
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V.  CONCLUSI ONS AND RECOVENDATI ONS

A. OPTI M ZATI ON OF THE SHORT PI'N FI N HEAT EXCHANGER

Table 8 shows the optimal constants for the short pin
fin heat exchanger. There is substantial inprovenent in
the X/ D=1.5 spacing ratio nodel. The |ower Reynolds nunber
flows, regardl ess  of spacing ratio, are not wel |
represented by the SKE default nodel. The SKE default nodel
consi stently overestinates the amount of turbulent kinetic

energy in |l ow Reynolds nunber flows resulting in simulated
flows with high Nusselt nunbers. The increase in the C,
constant and the reduction in the C_ constant weight terns
in their specific nodels to decrease turbulent kinetic
energy and increase the dissipation rate. This can also be
seen in Table 4 where C, is increased by 30% and this
drives the dissipation rate up as the transport equations

(1.1-.2) are solved resulting in a |ower Nusselt nunber,

cl oser to the experinental val ue.

Variable [ Simulated [Experimental| SKE Percent

Reynolds | Model | Combination Nu Nu Def. Nu [Improvement
3980 SKE C1+30 32.19 32.28 34.81 96.44
7310 RNG Default 49.40 49.61 50.58 78.35
13800 SKE C1-30 78.35 77.75 71.71 90.07
3590 RNG Cmu-30 26.37 26.73 29.92 88.71
7340 SKE Default 45.69 44.99 45.69 0.00
13900 | RNG Eta+30 72.58 71.61 70.60 3.96
Tabl e 8. Opti mal Constants for the Cross Fl ow

Pin Fin Heat Exchanger.
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Tabl e 9 shows the performance of the optimal constants

agai nst Metzger's val ues.

Reynolds Variable | Simulated |[Experimental| Percent
Number | Model | Combination Nu Nu Difference
3980 SKE C1+30 32.19 32.28 -0.28
7310 RNG Default 49.40 49.61 -0.42
13800 SKE C1-30 78.35 77.75 0.77
3590 RNG Cmu-30 26.37 26.73 -1.35
7340 SKE Default 45.69 44.99 1.56
13900 RNG Eta+30 72.58 71.61 1.35
Tabl e 9. Opti mal Constants Conpared with

Met zger' s Experinental Val ues

B. FUTURE PLANS

The next steps for this study should be to explore
changes to terns in the nodels that affect the bal ance of
turbulent kinetic energy and the turbulent kinetic energy
di ssipation rate (1.1-.2). This balance seens to have the
nost significant effect on the performance of a turbul ence
nodel . Specific changes need to be in exploring a reduction

of the C_ constant for higher Reynolds nunbers in the

expanded configuration (X' D=2.5) of the SKE nodel. There is
a possibility that the viscous dissipation term becones
greater as the flow noves farther downstream and away from
turbul ence creating obstructions such as the pins. Table 4

shows that the changes of +/- 30% of C,_ bracket the

experinmental Nusselt nunmber wth the exception of the
Re=7310 run. This leads to varying constants in the node
that are directly tied to source and dissipation terns as

C, is. Iterating the percent change should bring that

constant into close agreenment with the experinental val ue.

Anot her specific area is the higher Reynolds nunber
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performance of the RNG nodel. The h, constant does not

provi de predictable inprovenents for the nodel. At higher
Reynol ds nunbers there may be a benefit in increasing the

C, term that reduces the contribution of the viscous

di ssipation rate, which appears as e°’.

For future considerations, tenperature differences
must be increased to nore accurately nodel environnental
tenperatures, HD ratios should be varied slightly (0.5-
2.0) to see where these rel ations need to be inproved.

Anot her envi ronment al concern is to nodel t he
rotational environnment experienced in a gas turbine's power
turbine. For further heat transfer performance refinenent,
attention will have to be paid to the variations available
for the wall turbul ence nodel

Many conpact heat exchangers use different pin shapes
than cylinders. The ANSYS code has been witten wth
verti cal pl anes mdway between each row that wll
facilitate changing entire rows to different span w se
spaci ng and pin shapes.
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